Background
==========

First ray and first metatarsal are commonly used interchangeably when referring to the first metatarsal-cuneiform arch segment \[[@B1]\] despite the fact that first metatarsal corresponds to a single bony structure whereas the first metatarsal-cuneiform arch segment consists of the first metatarsal, the adjacent medial cuneiform and the navicular bone. Hypermobility of the first ray, mainly due to plantar arch and Lisfranc joint ligaments laxity, is assumed to predispose for hallux valgus in a certain subset of patients \[[@B1],[@B2]\]. The fraction of these patients with manifested instability of the first ray has been reported to range between 10% \[[@B3]\] and 94% \[[@B4]\] of all patients with symptomatic hallux valgus deformity. With increasing degree of hallux valgus deformity and adduction of the first metatarsal, the first ray may become hypermobile and symptomatic \[[@B5],[@B6]\]. Increased dorsal extension of the first metatarsal subsequently leads to an unloading of the first ray and a load shift to the lesser metatarsals during weight-bearing and may induce metatarsalgia \[[@B6]-[@B8]\]. Furthermore, while the medial arch of the foot lowers during weight-bearing, the first metatarsal axis orients more vertically and drives the first metatarsal into increased adduction promoting the hallux valgus deformity \[[@B1],[@B6]\].

Excessive pronation is believed to occur during gait due to ligamentous laxity which may delay supination of the midtarsal and subtalar joints, decreases the rigidity of the foot during the terminal stance phase and adversely affects the push-off mechanics \[[@B7]\]. Despite the fact that three-dimensional motions occur at the medial foot column during weight-bearing \[[@B2],[@B8]\] it appears that the major component of motion for the first metatarsal can be located in the sagittal plane \[[@B7]\].

The need for a quantification of vertical instability of the first ray has been postulated for decades \[[@B2],[@B6]-[@B8]\]. Clinically the definition of hypermobility, even with the help of load-bearing radiography \[[@B5]\], is largely subjective \[[@B2]\]. Some authors have developed mechanical devices which allow for a static measurement of first ray mobility compared to the fixed metatarsal rays 2 to 5 \[[@B9]-[@B12]\]. The two most frequently applied devices possess similar diagnostic accuracy and yield an average normal dorsal mobility between 4.9 mm and 5.2 mm \[[@B13]\]. According to these methods, 8 mm of sagittal motion was regarded as the threshold of first ray hypermobility \[[@B13]\]. Unfortunately, the few studies employing dynamic gait examination methods revealed a higher scatter of normal first ray sagittal plane motion and did not show any significant association between the static measure of first ray mobility and dynamic first ray motion \[[@B7],[@B14]\].

It is known from in-vitro experiments that there is a substantial difference between the corresponding motions of the specific joints of the first ray and the adjacent joints (i.e. the talo-navicular joint, the naviculo-cuneiform joint and the medial cuneiform-first metatarsal joint) \[[@B15]\]. The corresponding motions of the specific joints of the first ray and the adjacent joints are difficult to quantify by routine motion analysis techniques employing skin markers. The known problems associated with skin motion and the adjacent structures building the first ray limit the resolution and the possible anatomic discrimination without making use of invasive methods \[[@B16]-[@B18]\]. Hence, it was the aim of the present investigation to develop an in-vivo method of analysing first ray dorsi-/plantar flexion from distortion-free fluoroscopic image sequences of the foot rolling motion during gait of healthy and pathologically altered feet. In particular, it was thought that analysis of distortion-free fluoroscopic image sequences might clearly demonstrate differences of the dynamic medial cuneiform-first metatarsal joint motion, if any, between normal and hallux valgus patients with clinically manifested first ray instability.

Methods
=======

Fluoroscopic imaging and gait analysis
--------------------------------------

Measurements were based on lateral view fluoroscopic image sequences from a single foot roll-over portion of the gait cycle detected by a mobile digital fluoroscopic imaging device (Ziehm Vision RFD, Ziehm Imaging GmbH, Nuremberg, Germany, Figure [1](#F1){ref-type="fig"}). The flat panel detector employs amorphous silicon photodiode TNT technology with a field size of 29.8 cm × 29.8 cm and a detector matrix of 1536 × 1536 pixels (data as supplied by manufacturer). Using the magnification option 1, an active field of 1024 × 1024 pixels with a local resolution of 0.245 pixel/mm was available. An important feature of this device is that it produces distortion-free images which permit in-plane image evaluation without correction. Another important feature is that pulsed scanning is used to produce the distortion-free images. Pulsed scanning reduces the amount of radiation exposure. Sample rate was 25 images per second.

![**Experimental set-up during data acquisition by dynamic fluoroscopic imaging**. The testing person is performing a complete roll-over process of the gait cycle within the measurement field of the flat panel detector which is turned to an oblique position.](1471-2474-13-14-1){#F1}

The imaging device permitted a differentiated assessment of the relative motions of the several bones of the medial foot column with their articulations. Due to the two-dimensional projection images, the evaluation had to be restricted to the motions in the sagittal plane, only. The local ethical committee had reviewed and consented to the study protocol (A201073).

Test method and tested persons
------------------------------

Twenty-two subjects, all of whom gave their written consent, participated in the study. Thus, a total of 44 feet were investigated. The control group consisted of fourteen symptom-free persons without clinically manifested foot problems. The experimental group consisted of eight patients who were scheduled for surgical treatment for hallux valgus deformity. All of the patients had clinically manifested instability of the first ray according to the assessment of two experienced orthopaedic surgeons not involved in these experiments. Determination of relevant, pathological first ray instability was determined by clinical testing using the drawer test of the first tarsometatarsal joint and observing the patients\' discomfort during the procedure. The average age was 36 (SD 10, range 24-54) years for the healthy volunteers, and 45 (SD 16, range 15-66) years for the patients.

Fluoroscopic imaging was performed as shown in Figure [1](#F1){ref-type="fig"}. The bench walkway was elevated to accommodate the fixed dimensions of the C-arm and to allow lateral positioning of the imaging device. The fluoroscopic imaging field of view was marked on the walkway.

During measurements all tested persons wore circumferential radiation protection gowns including a thyroid gland protection lace leaving their lower legs and feet free. It was assumed that the aprons did not affect the normal gait of the persons. All persons involved into the data acquisition process were outside of the control area. In order to minimize radiation exposure, repetitive data acquisition was not employed. At the start of the measurement, the roll-over range of the first step was aligned in such a way that the foot was exactly within the imaging field of view. A complete foot roll-over cycle was documented from heel strike until lift-off of the toes.

The fluoroscopic image sequences showed the foot rolling-over two-dimensionally. The video was subdivided into frames of 40 ms intervals.

During the measurements, it was ensured that the left and the right foot were placed in such a way that the first ray bones were approximately the same distance from the x-ray source. Any further errors resulting from projection were neglected. Moreover, an equal scale for all images was assumed, as the zoom factor was not changed during the recordings. The image scale was calibrated by using a sphere with a known diameter of 40 mm. The sphere was placed into the center plane of the walking field and its diameter in pixels was measured.

Care was taken that the foot always moved parallel to the projection plane during the measurements. The test persons were asked to set their foot in question within the imaging range which was marked within the walkway. Moreover, they were asked to walk straight along the center line of the walkway.

Evaluation
----------

The image data were imported into a CAD system (Solid Works 2007, Dassault systèmes, Vélizy-Villacoublay, France) for the calculation of position and orientation of the bone projections. The evaluation continued with the manual drawing of the outline of the individual first ray bones. The manual segmentation procedure was used since the overlay of the bone contours did not allow the application of automatic segmentation algorithms. The following bones were analyzed with respect to first ray mobility (i.e. dorsi-/plantar flexion and rotations of the bones in the sagittal plane): first metatarsal, medial cuneiform, navicular and talus.

A minimum of 20 points was manually distributed about the bone perimeter and perimeter approximation was performed with spline functions (Figure [2](#F2){ref-type="fig"}) using the *Spline*button within the sketcher of the CAD system. The area enclosed by the bone outlines was calculated as well as the principal axes of inertia and the coordinates of the center of gravity (*Tools → Section properties*function within the sketcher). These values were used to represent the position and the orientation of the bone projection within the image coordinate system.

![**Fluoroscopic image of the first ray imported into a CAD program with manually drawn outline of the bones, participant 1-left foot, Frame 66:A) talus, B) navicular bone, C) medial cuneiform, D) first metatarsal**.](1471-2474-13-14-2){#F2}

Since the shape of the bones differed only very little from one frame to the next, the bone outlines were digitized in one frame and copied to the next frame for manual positioning and alignment.

After determination of the center of gravity and direction of the principal axes of inertia of the bone projections, the calculation of the dimensionless time, averaging and calculation of standard deviation was performed by spreadsheet software (Microsoft Excel). The distances between the centers of gravity and the angular differences between the principal axes of inertia were determined (Figure [3](#F3){ref-type="fig"}).

![**Determination of the relative movement between two foot bones from the difference angle of the principal axes of inertia**.](1471-2474-13-14-3){#F3}

For the calculation of the dorsi-/plantar flexion, a control point (CP) was defined at the dorsal side of the outline of the head of the first metatarsal (MT-I) (Figure [4](#F4){ref-type="fig"}). The control point and its coordinates were manually selected using the CAD system. As a measure for first ray flexion, the displacement of the control point CP~1~to CP~n~in a coordinate system fixed to the talus and defined by the principal axes of the talus was determined.

![**Determination of the displacement of a control point (CP) as a measure for first ray mobility defined in a coordinate system fixed to the principal axes (PA) of inertia fixed to the talus**.](1471-2474-13-14-4){#F4}

The foot roll-over process occured at different speeds among the subjects. For an easier comparison and for a unique time scale, a dimensionless time τ was defined:

τ = 0: heel strike

τ = 1: heel rise

τ = t/t~0~

t~0~: time between the heel strike and heel rise.

Before heel strike and after heel rise the images became more and more blurred since, with heel rise, rotation of the foot began. The center of rotation was located near the heads of the metatarsals. The talus having the highest distance from this pivot point had the highest velocity and consequently was the most blurred. Some of the images, which were recorded after heel rise, could be evaluated, since not all of these were excessively blurred and thus allowed analyses. These sequences were included in the evaluation because they show the first ray flexion during the gait phase without heel-ground contact. However, the highest first ray flexion was obtained around the time t~0~.

The different foot roll-over speed of the participants also influenced the quality of the images. Furthermore, in a few trials some relevant foot bones were outside of the images borders. Three image sets could not be evaluated for this reason. Another problem arose from the other leg swinging forward in the natural gait movement leading to a relevant overlay of both feet during registration. However, in the majority of image data sets, this overlay was obtained only on a very low number of images, which could be excluded from evaluation without additional inaccuracies.

To test the reproducibility of the contour detection and evaluation method, a randomly selected image was evaluated independently by another evaluation person and the results were compared. The maximum differences were found to be 0.19% with respect to the center of gravity coordinates and 1.42% with respect to the principal axes rotations.

Some image data sets did not show the heel or the forefoot fully within the image borders. Finally, some image data sets had to be excluded due too high blurriness because of very fast foot motion. Thus, from the 44 feet 27 could be evaluated (15 feet of healthy volunteers and 12 of patients), each of these with at least 10 digitized frames.

Statistics
----------

The significance of the difference of all relevant measured magnitudes between the patients and the healthy volunteers was tested by the Mann-Whitney test (non-parametric). The significance level was set to p \< 0.05).

Results
=======

First ray flexion values
------------------------

The first ray flexion data of the healthy volunteers are displayed in Figure [5](#F5){ref-type="fig"}. After heel strike, the flexion of the first ray increased to a maximum value shortly after heel rise. The average of the maximum dorsal flexion was 13.63 (SD 6.14) mm. The plantar motion components were excluded from the calculation. The curves reached their maximum at an average time of τ = 1.11 (SD 0.31).

![**First ray mobility in the healthy volunteers recorded over dimensionless time**.](1471-2474-13-14-5){#F5}

Figure [6](#F6){ref-type="fig"} shows the first ray flexion of the patients. The average of the maximum dorsal flexion angle was 13.06 (SD 8.01) mm. The maximum values occurred on average with a time of τ = 0.94 (SD 0.21) (Table [1](#T1){ref-type="table"}). The average dorsiflexion angle in the healthy volunteers was 5.27° (SD 2.34), and 5.56° (SD 3.37) in the patients.

![**First ray mobility in the patients recorded over dimensionless time**.](1471-2474-13-14-6){#F6}

###### 

Maximum values of first ray mobility and the relative time of their occurrence

  Subjects                 Average \[mm\]   SD \[mm\]   t/t~0~     SD
  ------------------------ ---------------- ----------- ---------- ------
  healthy volunteers       13.63            6.14        **1.11**   0.31
                                                                   
  Hallux valgus patients   13.06            8.01        **0.94**   0.21

(boldface-significant *p*\< 0.05)

Only the difference in time of maximum first ray flexion occurrence was found to be significant.

Relative rotations of foot bones
--------------------------------

The results of the relative rotations of the bones in the sagittal plane (Table [2](#T2){ref-type="table"}) did not show significant differences between the groups of the healthy volunteers and the patients. The average maximum values of the healthy volunteers were even slightly higher than the values of the patients. The highest difference amounted to 0.48° in the talonavicular articulation.

###### 

Average values of maximum rotations of the bones to each other in the sagittal plane

  articulation   healthy volunteers   hallux valgus patients                       
  -------------- -------------------- ------------------------ ------------------- ------------
                 **Average \[°\]**    **t/t~0~**               **Average \[°\]**   **t/t~0~**
                                                                                   
  MT1/OCm        2.58                 1.19                     2.61                0.86
                                                                                   
  OCm/ONav       5.95                 1.42                     5.63                1.03
                                                                                   
  ONav/Talus     5.78                 1.11                     4.83                0.94

(MT1-first metatarsal, OCm-medial cuneiform, ONav-navicular bone)

The relative rotations in the naviculo-medial cuneiform articulation and in the talonavicular articulation were similar with values between 5.1° and 5.9°. In contrast, the maximum relative rotations between the first metatarsal and the medial cuneiform were approximately half of these values. The changes of rotations were not found to be significant.

Relative translations of foot bones
-----------------------------------

The relative translations of foot bones to each other varied between 0.78 mm and 1.65 mm. With respect to the talus they reached 2.17 mm. These results were not found to be significant.

Discussion
==========

The foot is often described in current foot models by substantially fewer segments than the actually existing anatomic structures \[[@B7],[@B14],[@B19]\]. However, for the determination of instabilities and their specific anatomical localization occurring during the gait cycle, a more detailed analysis seems to be necessary in view of the fact that clinicians claim that instability in hallux valgus is mostly confined within the first tarso-metatarsal joint which indicates surgery in the form of an arthrodesis of this joint \[[@B4]-[@B6]\].

The first ray of the foot has an important function with respect to load transfer and stability \[[@B2]\]. The relevance of instability of the first ray in hallux vagus deformity has been a matter of discussion for decades. The particular pathogenesis of hallux valgus formation and deformity progression has been attributed to first ray instability with variable percentage \[[@B4]-[@B6],[@B9],[@B11]\].

To date, the diagnosis of a hypomobile or hypermobile first ray has mostly been performed by clinical assessment with a high degree of variance \[[@B5],[@B20]\] or by static measurement methods at a limited dorsiflexion force of 55 N \[[@B9],[@B10],[@B12]\]. Consequently, as a result of these approaches the normal mobility of the first ray had been defined between 4 and 8 mm. Standard weight-bearing radiographs only add indirect and mostly inconstant static signs of medial cuneiform-first metatarsal instability (plantar joint opening, localized osteoarthritis or widened first intermetatarsal angle) \[[@B5],[@B6],[@B8]\].

Up to now, dynamic measurements of forefoot kinematics were mostly performed with opto-electronical methods. The values of the forefoot dorsal flexion in relation to the hindfoot in normals were found to be within the range of 3.0-6.2° \[[@B7],[@B14],[@B19],[@B21],[@B22]\].

Dynamic standard fluoroscopic analysis has been employed in a variety of in-vivo biomechanical evaluations, e.g. normal and anterior cruciate-deficient knee joint kinematic studies or kinematic studies following various types of knee joint arthroplasty \[[@B23]-[@B25]\]. In most application modes additional data acquisition such as CT scanning of the knee was necessary as a prerequisite for the generation of a mathematical 3-D model utilizing an iterative model-fitting approach. Data from conventional dynamic fluoroscopy itself can not readily be taken for direct measurements due to a substantial amount of magnification and distortion depending on the distance of the corresponding image point from the focus. The novel digital fluoroscopic acquisition tool used in this study allowed a distortion-free and detailed analysis of sagittal motion at the anatomic joints of the medial ray. Such detailed in-vivo analyses have not been possible previously. Of course, this novel method has several limitations and potential errors. The errors arising from the described evaluation method can to be divided into three categories:

\(i\) errors due to the spatial and temporal resolution of the imaging system,

\(ii\) errors due to two-dimensional imaging and evaluation,

\(iii\) errors due to manual positioning and digitalisation of the image.

These errors were estimated in more detail. The 25 frames/s imaging rates only allow the analysis of relatively slow walking speeds. In our chosen set-up, free walking was replaced by a single step analysis, as walking at a continuous speed would mean that the fluoroscope would also have to move. In principal, additional analysis of in-vivo kinematics in the horizontal plane during foot contact phase would be desirable \[[@B2],[@B6]\] but could hardly be accomplished by the current technique due to an inevitable mechanical interference of the walking person with the fluoroscopic device turned to a vertical or oblique position.

The main source of errors was expected from (iii). The outline of bone was manually drawn into an image where all contours were well visible. However, some images, in particular during the last phase of roll-over process, were blurry so that errors arose from the transfer of the contours onto the subsequent images. Further, the determination of the medial foot column mobility depended on the correct determination of the talar contour. An angular deviation of 1° of malpositioning of the talar contour would change the first ray mobility result by about 2.5 mm. The errors from the other sources (i) and (ii) were considered to have only a minor influence on the results. Moreover, the errors (ii) and (iii) were minimized as much as possible by copying the bone contours from images where these contours could be well defined to the more blurry images.

A comparison of our results was made with data from the static analyses, with data obtained by the classic marker technique and with data from kinematic analyses by camera. Our data indicate a substantially higher first ray mobility than described in the literature for static measurements \[[@B9],[@B10],[@B12],[@B13]\]. Taking into account the substantially higher loading during single-leg full weight-bearing as in our experiments, the limited loading during static measurements and the difference between static and dynamic values \[[@B7]\] this does not appear to be surprising. Between the groups of the healthy volunteers and the patients there were, however, only statistically non-significant differences with 13.6 mm and 13.1 mm, respectively.

More recent studies use an advanced combined 2D-3D model-image registration technique for foot kinematics in healthy subjects \[[@B26]-[@B29]\], patients with hallux valgus \[[@B30]\], hallux rigidus \[[@B22]\], flat-arched feet \[[@B31]\] and for subjects with ankle arthroplasty \[[@B32]\]. These studies report 15° of plantarflexion to 20° dorsiflexion with the healthy subjects with and without weight-bearing activities. The calculated angular values of forefoot dorsiflexion for both our two groups of subjects, nevertheless, were comparable to literature data of opto-electronical measurements ranging between 0.7 and 9.3° \[[@B7],[@B14],[@B19],[@B21],[@B22],[@B27],[@B33]\]. Furthermore, angular measurements are independent of linear measures, such as the individual foot length, and seem to be generally preferable compared to mere distance measures. With 5.3° and 5.6° only statistically non-significant differences between the groups of the healthy volunteers and the patients were found in our study. Present 3D multisegment foot models have been shown to have a very high reliability index for the sagittal plane kinematics. Moreover, they also yield data for the motion within the coronal and horizontal planes. However the adequate marker placement, soft tissue artifacts stereophotogrammetric-based marker position tracking and the basic assumptions of the corresponding foot model do have an influence on the calculations of the corresponding joint rotations \[[@B22],[@B27],[@B29],[@B30]\].

The relative rotational movements in the sagittal plane in our study did not show distinguishable differences between both groups. Still, it is noticeable that, in contrast to clinical assumptions \[[@B5],[@B8]\], an increased mobility at the first metatarsal-medial cuneiform articulation was not seen in either of our two groups. Compared with the navicular-medial cuneiform articulation and the talo-navicular joint even the smallest rotations were found at the first metatarsal-medial cuneiform articulation. This agrees well with data from in-vitro experiments \[[@B15],[@B16]\] and reports from a limited number of invasive in vivo assessment of mid- and forefoot motion during walking \[[@B18]\] or slow running \[[@B28]\].

The groups of the healthy volunteers and the patients differed significantly in the time-point of occurrence of the maximum values of the first ray flexion and the relative rotations of the bones to each other. The motion diagrams within the group of patients reached their maxima with heel rise. In contrast, the motion diagrams of the healthy volunteer group reached their maximum values significantly later which might at least point to increased medial ray flexibility in the patient group despite a comparable total range of motion in both groups.

The translational relative motions between the foot bones are considered to be in the order of magnitude of the measurement precision. With very limited values between 1 and 2 mm a characteristic curve form could not be recognized.

The values of the standard deviation for the first ray flexion and the relative rotational motion of the bones were relatively high within both of our groups of test subjects. This indicates high inter-individual variations within the groups. Maximum rotational motions could be found mainly in the navicular-medial cuneiform articulation and in the talo-navicular articulation which has also been reported by invasive measurements of rear-, mid- and forefoot motion \[[@B18],[@B28]\].

Conclusions
===========

The novel digital fluoroscopic-based method developed and described here can be used to analyze in vivo the rotational and the translational movements of the first metatarsal the medial cuneiform bone, the navicular bone and the talus within their articulations of the medial foot column. The procedure serves as a stand-alone technique to assess (with a resolution of 0.245 mm/pixel) the mobility of the individual bones making up the first ray in the sagittal plane and the relative movements of the single bones during weight-bearing. Such an assessment of individual bone mobility and relative movement of the single bones during weight bearing has not previously been possible by any of the other currently available non-invasive measurement techniques. This procedure may further aid to elucidate the biomechanics of the healthy and the diseased forefoot and mid-foot during gait and may be applied prospectively in conjunction with conventional opto-electronical devices.
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